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Introduction:
To prevent cellular damage caused by environmental stress, organisms have developed a wide range of defense mechanisms at the cellular level, which result in protective changes.
Oxidative stress is a major factor influencing aging and has been associated with diverse diseases including diabetes, cancer, and cardiovascular diseases (Finkel and Holbrook 2000; Sykiotis and Bohmann 2010) . How organisms are able to coordinate adaptive responses to prevent damage caused by oxidative stress remains incompletely understood.
The Nrf (nuclear factor E2-related factor) family of transcription factors performs evolutionary conserved cellular protective and homeostasis maintenance functions. Nrf2 regulates xenobiotic detoxification and oxidative stress response, while Nrf1 mediates proteasome surveillance and proteostasis (Ma 2013; Radhakrishnan and others 2010) . In C. elegans, both of these functions are fulfilled by the single ortholog SKN-1 (Blackwell and others 2015) .
The skn-1 gene encodes for three functionally distinct protein isoforms (SKN-1A, SKN-1B and SKN-1C). The ER-associated SKN-1A is orthologous to Nrf1and activates proteasomal gene expression in response to proteotoxic stress to maintain proteasome function (Lehrbach and others 2019; Radhakrishnan and others 2010) .
SKN-1B is expressed in two sensory neurons and is involved in food sensing and metabolism (Bishop and Guarente 2007). Diverse environmental stressors or drugs (xenobiotics) trigger activation of SKN-1C an Nrf2 ortholog. Upon activation, SKN-1C/Nrf2
enters the nucleus and induces the expression of cytoprotective and detoxification genes (Inoue and others 2005) . Nrf family members are also known to have pro-longevity effects in various organisms. Disruption of skn-1 in C. elegans accelerates the rate of normal aging while increasing its activity promotes longevity (Tullet and others 2008) .
To ensure efficient surveillance of homeostasis, the activity of SKN-1/Nrf is tightly controlled.
It has been shown that the subcellular localization and activity of SKN-1/Nrf proteins are regulated by distinct signaling pathways and overlapping mechanisms exist across species (Blackwell and others 2015; Sykiotis and Bohmann 2010) . The insulin/IGF-1 (insulin-like growth factor) signaling (IIS) pathway phosphorylates and antagonizes SKN-1. When IIS is reduced, SKN-1 accumulates in intestinal nuclei in parallel to the canonical target DAF-16/FOXO and activates expression of target genes for detoxification. SKN-1 is also required for longevity under some conditions of reduced IIS (Ewald and others 2015; Tullet and others 2008; Tullet and others 2017) .
Genetic and molecular studies have implicated the mechanistic target of rapamycin (mTOR) kinase in regulation of SKN-1. mTOR is a conserved regulator of cell growth, morphogenesis, and proliferation and is present in two complexes, mTORC1 and mTORC2 (Cornu and others 2013) . Both mTOR complexes oppose SKN-1, but the mechanisms whereby mTORC1 and mTORC2 regulate SKN-1 seem to be different. It was suggested that J o u r n a l P r e -p r o o f mTORC1 inhibits SKN-1 expression and activity, while mTORC2 directs SGK-1 to inhibit SKN-1 through phosphorylation thereby preventing its nuclear accumulation (Mizunuma and others 2014; Robida-Stubbs and others 2012; Tullet and others 2008) . When mTORC1 or mTORC2 are inhibited SKN-1 activates protective gene expression, and increases stress resistance and longevity (Mizunuma and others 2014; Robida-Stubbs and others 2012) .
Another mechanism that inhibits SKN-1 is phosphorylation by glycogen synthase kinase-3 (GSK-3) (An and others 2005) . Phosphorylation of SKN-1 at specific sites by GSK-3 reduces SKN-1 nuclear occupancy and suppresses transcription of detoxification genes. Moreover, SKN-1 activity profoundly depends on p38 mitogen-activated protein kinase (MAPK) signaling. In contrast to the inactivating phosphorylation by IIS, mTORC2, and GSK-3 signaling pathways, p38 MAPK signaling phosphorylates and activates SKN-1 in response to oxidative stress resulting in increased nuclear accumulation and gene expression (Inoue and others 2005) . Besides interacting with several cofactors and being phosphorylated by multiple upstream kinases, SKN-1 is also regulated by ubiquitination and proteasomal degradation. SKN-1 is repressed by the WD40 repeat protein WDR-23. WDR-23 interacts with SKN-1, recruits SKN-1 to the CUL-4/DBB-1 ubiquitin ligase complex, and marks SKN-1 for degradation by the proteasome (Choe and others 2009) . Recently, O-GlcNAcylation and arginine methylation of SKN-1 have also been reported to enhance its activity, and promote oxidative stress tolerance and longevity (Li and others 2017; Li and others 2019) .
Protein acetylation is a major post-translational mechanism for the regulation of multiple cellular functions, including chromatin remodeling and transcriptional regulation, cell growth, metabolism, and aging (Choudhary and others 2014) . Acetylation is regulated by two classes of functionally antagonistic enzymes, histone acetyltransferases (HAT) and histone deacetylases (HDAC). CBP-1, the C. elegans homologue of CREB-binding protein CBP/p300, is a transcriptional coactivator that functions both as a chromatin remodeling enzyme through its HAT activity and a scaffold for recruiting the transcriptional machinery (Holmqvist and Mannervik 2013) . cbp-1 is essential for embryonic development and cell differentiation (Shi and Mello 1998; Victor and others 2002) . cbp-1 also plays an important role during aging. Genetic inhibition of cbp-1 substantially shortens lifespan (Cai and others 2017; Zhang and others 2009) . CBP-1 has been found to interact with transcription factors like DAF-16/FOXO and HSF-1 for the regulation of lifespan (Chiang and others 2012; Zhang and others 2009) . Human p300 has also been shown to directly bind SKN-1 and promote J o u r n a l P r e -p r o o f
Prior to experiments, all animals were maintained at the permissive temperature for at least two generations. Animals were synchronized by timed egg laying for 6-8 hours and allowed to develop at 20°C until otherwise noted. When animals reached L4, they were transferred to plates containing 50 μM FuDR (5-fluoro-2'deoxyuridine) and were daily scored as dead or alive. Animals that crawled off the plate, ruptured, died as bags of worms or from Egl phenotypes were excluded from analysis at the time of death. Survival plots and p-values (log-rank test with Holm-Sidak method) were determined using SigmaPlot 11.0.
Oxidative stress assays
To assess oxidative stress sensitivity with sodium arsenite, L4 stage worms were fed with RNAi bacteria for 55 hours at 20°C. Worms were then placed in M9 solution that contained 4mM sodium arsenite (Sigma-Aldrich) and periodically tested for survival every two hours.
For TBHP oxidative stress assay RNAi was initiated starting from egg lay at 20°C. One day adult animals were exposed to 7,5 mM TBHP (Sigma-Aldrich ) and scored every hour for survival. Worms were scored as dead if they displayed no movement. Survival plots and pvalues (log-rank) were determined using SigmaPlot 11.0 software.
Microscopy and transgenic reporter scoring
Light microscopy was performed using a Zeiss Axio Imager.M2-microscope equipped with Nomarski differential interference contrast (DIC), a 503 monoside camera and the ZEN Blue 2.3 pro software. Worms were placed on 2% agarose pads on slides and stunned with 2 mM tetramisole. GFP was detected using an EGFP-filter set (38 HE GFP, 450/90 nm excitation, 500/50 nm emission). Images were processed with ZEN Blue 2.3 pro and Adobe Illustrator CS5. To discriminate intestinal autofluorescence from SKN-1::GFP fluorescence we used a combination of EGFP and DsRed filter sets. This combination allowed autofluorescence to be detected as yellow to red signal.
Scoring of SKN-1::GFP nuclear accumulation
SKN-1 was expressed from the Is007 transgene (LD001 strain). RNAi was initiated starting from egg lay. L4 larvae were exposed to 2 mmol/l sodium arsenite (NaAs) or M9 buffer for 3h. After recovery of 1h, animals were mounted on agar pads, immobilized with tetramisole and images were taken at X10 magnification with a Zeiss Axiovert 200 microscope equipped with EGFP and DsRed filter sets and Zeiss Axiocam digital camera.
Images were analyzed using ZEN 2012 (Blue Edition) edition. SKN-1::GFP localization was essentially assessed as described (Ewald and others 2015) : none, no GFP observed in nuclei; low, ≤ 5 nuclei showed GFP; medium, > 6 nuclei showed GFP; high, all intestinal nuclei showed GFP. Nuclear accumulation of SKN-1(S343A)::GFP (Ex008; strain LD1009), J o u r n a l P r e -p r o o f SKN-1operon (Ex09, LD1008 and Ex010) , and SKN-1(S12A) (Ex012, LD1019) was scored likewise in L4 animals under basal conditions.
Scoring of gst-4::GFP expression
Intestinal Pgst-4::GFP expression was scored as essentially published (Ewald and others 2015; Robida-Stubbs and others 2012) . Worms were raised on cbp-1(RNAi) or EV until L4 stage and then placed in 2mmol/l sodium arsenite or M9 buffer for 1 hour. After 1h recovery, worms were mounted on slides and stunned by levamisole. Scoring was as follows: low, ≤ 5 intestinal nuclei showed GFP; medium, 6 -10 nuclei showed GFP, high, > 10 nuclei showed GFP. χ 2 -tests were performed with SigmaStat 3.5.
RNA Isolation and quantitative PCR
Synchronized wild-type L4 were placed on RNAi plates and 4 days later total RNA was isolated using TRI Reagent (Sigma-Aldrich) and a RNA clean and concentrator kit (Zymo Research Corp.) or the RNeasy Mini Kit (Quiagen). DNase treatment was performed using the on-column DNase digestion (Quiagen). For oxidative stress ~ 400 worms were transferred to 2mM sodium arsenite (in M9 buffer) or in M9 alone for 1h. Worms were allowed to recover for 1h on OP50-seeded NGM plates. were analyzed using the anti-GFP antibody (B-2 Santa Cruz). Anti-actin (Sigma) was used to verify equivalent input of total protein.
Results:
1. C. elegans acetyltransferase cbp-1 acts in the SKN-1 pathway for the control of lifespan and stress response:
Given the central function of SKN-1/Nrf2 for protection against stress and aging, we further investigated the potential connection with CBP-1. Inactivation of C. elegans skn-1 shows a substantially reduced mean adult lifespan (-30%) compared to wild type (Tullet and others 2017) . RNAi knockdown of cbp-1 is also known to decrease lifespan by approx. 40% (Cai and others 2017) . We observed that inhibition of cbp-1 alone by RNAi dramatically shortened lifespan by -50% and combination of cbp-1(RNAi) with two different skn-1 mutants did not further reduce lifespan ( Figure 1A ,B and Supplementary Table 1 Overexpression (oe) or activation of skn-1 has been shown to increase lifespan by approx. 5-10% compared to wild type. The effect of skn-1(oe) on longevity has been reported to be modest due to toxicity of expression from multi-copy gene arrays (Tullet and others 2008) .
We observed that cbp-1(RNAi) at least partially suppressed the lifespan of animals carrying the skn-1 transgene ( Figure 1C and Supplementary Table 1 ). In two of three experiments cbp-1(RNAi) reduced the fractional life-extending effects resulting from skn-1(oe) (6 and 4%
in skn-1(oe) fed cbp-1(RNAi) vs 10 and 12% in skn-1(oe) respectively) (Supplementary Figure 2A) .
cbp-1 is strongly expressed in many tissues including intestine, pharynx, hypodermis, body wall muscles, and nervous system (Supplementary Figure 2B) . The expression pattern of cbp-1 substantially overlaps with skn-1. By tissue specific RNAi knockdown of cbp-1 we found that cbp-1 functions most notably in the intestine and hypodermis to promote lifespan (Supplementary Figure 2C) .
skn-1 also promotes resistance to oxidative stress. Next, the survival under oxidative stress conditions using the oxidizing agent sodium arsenite was analyzed. cbp-1(RNAi) knockdown increased sensitivity to sodium arsenite mimicking the effect of skn-1 inhibition (Supplementary Figure 2D) . cbp-1(RNAi) animals also proved to be sensitive towards tertbutyl hydroperoxide (TBHP), and combination with skn-1(zu67) mutation did not amplify the oxidative stress sensitivity ( Figure 1D ). Together, these observations indicate that skn-1 and cbp-1 are epistatic and suggest that SKN-1 requires CBP-1 to promote longevity and stress tolerance. RNAi feeding against cbp-1 efficiently knocked down cbp-1 mRNA levels by approx. 80%. qPCR data are presented as fold change compared to wild type on EV averaged from five independent experiments. Error bar represents SEM. p < 0.001 (Student's t test).
C: cbp-1(RNAi) efficiently eliminates CBP-1::GFP expression. Wild type worms expressing CBP-1::GFP in intestinal cells (ENH559) were exposed cbp-1(RNAi) or EV. Representative fluorescence images are shown.
Scale bar represents 50 µm. CBP-1::GFP strongly localizes to intestinal nuclei in control (EV) worms. No GFP was detected in the intestine of cbp-1(RNAi) treated worms.
Supplementary Figure 2:
A: cbp-1 is required for longevity effects of skn-1 overexpression. Figure 2B ). The target genes tested here represent various SKN-1 functions including detoxification, metabolism, and stress-defense. cbp-1(RNAi) partially blocked the expression of these genes in response to arsenite-induced oxidative stress ( Figure 2B ). Some detoxification genes (gst-4, gst-10, dod-24, asp-14, nit-1) have also been shown to be directly regulated by SKN-1 under normal conditions (Oliveira and others 2009) and interestingly cbp-1 was also required. Thus, it can be concluded that cbp-1 broadly controls SKN-1-driven transcription. (EV). Animals were exposed to sodium arsenite (NaAs) or M9 control buffer. n>60 worms per condition ***p<0.001 (χ 2 -test).
B: Differentially expressed genes in wild type, cbp-1(RNAi) and skn-1(RNAi) treated C. elegans.
Quantitative real-time PCR was used to compare the expression of selected stress response, detoxification, and metabolism genes between cbp-1(RNAi), skn-1(RNAi) and control (EV) worms. RNAi was performed from L4 to day four of adulthood. Animals were treated with sodium arsenite (NaAs) or M9 control buffer for 1 h. Fold change J o u r n a l P r e -p r o o f in mRNA levels relative to wildtype fed EV under basal, un-stressed conditions is shown. Data are mean ± SEM.
p < 0.05, **p < 0.01, ***p < 0.001 determined by a two-tailed unpaired Student's t-test.
cbp-1 is required for nuclear localization of SKN-1
Given the ability of CBP-1 to modulate SKN-1 functions in aging and transcriptional responses, it was of great interest to determine whether CBP-1 also regulates SKN-1 nuclear accumulation. We used a well-characterized transgenic strain expressing a SKN-1B/C translational fusion with GFP ( 
Interaction of cbp-1 with signaling pathways impinging on SKN-1
Genetic studies have implicated a variety of signaling pathways in the regulation of SKN-1.
We hypothesized that cbp-1 might play a broader role for SKN-1 activation and therefore analyzed the genetic interaction between cbp-1 and pathways affecting SKN-1. The insulin/IGF-1 (insulin-like growth factor) signaling (IIS) pathway activates Akt which in turn phosphorylates and inhibits nuclear accumulation of SKN-1. SKN-1 has been shown to be required for longevity associated with reduced IIS-Akt signaling (Ewald and others 2015;  J o u r n a l P r e -p r o o f Tullet and others 2008) . We found that the longevity phenotype of akt-1(ok525) mutant animals was completely suppressed by inhibition of cbp-1 ( Figure 5A ). Thus, cbp-1 contributes to the longevity deriving from decreased insulin-Akt signaling.
To test whether cbp-1 is also needed for SKN-1 nuclear localization under reduced IIS signaling, we performed cbp-1(RNAi) in daf-2(e1370) mutant animals. Here, SKN-1::GFP failed to accumulate in intestinal nuclei of daf-2 mutants after inactivation of cbp-1 by RNAi ( Figure 5B, C) . Similarly, cbp-1(RNAi) did not allow nuclear accumulation of a SKN-1 mutant in which a key AKT-1 phosphorylation site had been altered (SKN-1(S12A)) (Tullet and others 2008) and thereby resulting in constitutive nuclear localization ( Figure 5D , E).
Reduction of daf-2 signaling induced expression of the SKN-1 target gene gst-4::GFP. This induction was abolished by inhibition of cbp-1 indicating that cbp-1 is required for daf-2(RNAi) associated upregulation of gst-4 expression ( Figure 5F ). These observations seem to argue that SKN-1 nuclear accumulation and activity in response to inhibition of IIS-Akt signaling depends on cbp-1 function.
Figure 5: cbp-1 is required for longevity effects under reduced insulin signaling activity.

A: Lifespan analysis in wild type N2 and akt-1(ok525) mutants fed with cbp-1(RNAi) or empty vector (EV).
Knockdown of cbp-1 strongly suppresses akt-1 mutant longevity. One representative experiment is shown.
Additional trials and statistics are provided in Supplementary Representative images of L4 larvae, red signal represents auto fluorescence. Scale bar indicates 200µm.
D-E:
The nuclear accumulation of SKN-1(S12A) in which an AKT phosphorylation site has been mutated is reduced when cbp-1 is inhibited. D: Expression of SKN-1(S12A)::GFP was monitored after knockdown of cbp-1 by RNAi. EV, empty vector. n, number of animals analyzed. Pooled data from two trials. p-value was determined by Χ 2 test; ***p<0.0001. E: Substitution of an AKT-1 phosphorylation site within SKN-1 results in nuclear accumulation of SKN-1::GFP (upper panel). cbp-1(RNAi) blocks SKN-1(S12A) nuclear localization (lower panel).
Representative images of L4 larvae, red signal represents auto fluorescence. Scale bar indicates 200µm.
F: Transcriptional activation of gst-4 after daf-2 inhibition is blocked by cbp-1(RNAi). Quantification of Is[gst-4P::GFP] expression after exposure to daf-2(RNAi) and cbp-1(RNAi). Pooled data from two experiments. p-values
were determined by χ 2 test; ***p<0.0001.
Genetic studies have also implicated mechanistic target of rapamycin (mTOR) signaling in the regulation of SKN-1 (Mizunuma and others 2014; Robida-Stubbs and others 2012).
mTOR is a conserved regulator of cell growth, development and proliferation, and is present in two complexes, namely mTORC1 and mTORC2 (Cornu and others 2013) . mTORC1 and mTORC2 affect C. elegans lifespan in a very complex manner (Mizunuma and others 2014;  J o u r n a l P r e -p r o o f
Robida-Stubbs and others 2012). When mTORC1 or mTORC2 is reduced, lifespan is extended and this effect depends on SKN-1. To investigate the involvement of cbp-1 in mTORC 1 effects on lifespan and to obtain results that were not confounded by its developmental functions, raga-1(ok386) mutants were used. The Rag GTPases are conserved amino acid-sensitive activators of the mTORC1 pathway (Sancak and others 2008; Schreiber and others 2010) . Conforming with the literature, C. elegans with mutations in raga-1 lived longer than wild type. We found that cbp-1 was required for these benefits as cbp-1(RNAi) completely abolished raga-1 mutant longevity ( Figure 6A ). In two of three trials, raga-1 mutants fed with cbp-1(RNAi) showed an even further reduction of lifespan compared to cbp-1(RNAi) animals (Supplementary Table 1 ). This observation suggests that knockdown of cbp-1 abrogated not only the beneficial effects of raga-1 mutation on lifespan, but might also free up negative regulatory mechanisms.
We next examined how cbp-1 knockdown affects mTORC2 mutant lifespan. Mutation of the mTORC2 complex subunit rict-1/Rictor was reported to extend lifespan when maintained at 25°C on rich food (HT115 bacteria) (Mizunuma and others 2014) . Under these conditions, the substantial increase of rict-1(mg451) mutant longevity was completely abolished by cbp- 
1(RNAi) inhibition (Figure 6B
)
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Moreover, SKN-1 is subjected to negative regulation by glycogen synthase kinase-3 (GSK-3). Knockdown of gsk-3 has previously been shown to induce the activation of gst-4::GFP (An and others 2005) . We observed that this response was suppressed by cbp-1(RNAi) ( Figure 7A ). GSK-3 phosphorylates SKN-1 at specific sites, which prevents its accumulation in nuclei and suppresses detoxification gene expression (An and others 2005) . We analyzed a SKN-1 mutant transgene in which a critical inhibitory GSK-3 serine phosphorylation site has been substituted by alanine (SKN-1(S393A) ). Subsequently, SKN-1(S393A) constitutively localizes to nuclei (An and others 2005) . We found that cbp-1(RNAi)
suppressed the nuclear accumulation of SKN-1(S393A) (Figure 7 B, C) suggesting that SKN-1 nuclear accumulation and activity that is allowed under reduced gsk-3 signaling depends upon appropriate cbp-1 function. -23. wdr-23(tm1817);eri-1(mg666) mutants with integrated gst-4::GFP reporter were exposed to cbp-1(RNAi), skn-1(RNAi), or EV. n, number of animals. Pooled data from two trials. ***p<0.0001 by χ 2 -test.
E: cbp-1 is required for SKN-1 transcriptional response in wdr-23 mutants. wdr-23(tm1817) and wild type animals were exposed to cbp-1(RNAi), skn-1(RNAi) or empty vector (EV). qPCR was used to compare the expression of gst-4, gcs-1, and nit-1. Fold change in mRNA levels relative to wild type fed EV is shown. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 determined by a two-tailed unpaired Student's t-test. Figure 7G ). We further examined whether cbp-1 is required for sek-1 survival under oxidative stress conditions using tert-butyl hydroperoxide (TBHP).
sek-1(km4) mutants are sensitive to TBHP and this sensitivity was further decreased by cbp-1(RNAi) ( Figure 7H ). Together these observations suggest that cbp-1 is required for oxidative stress resistance and normal lifespan, but cbp-1 seems to influence SKN-1 activity through mechanisms separately from p38 MAPK signaling.
Discussion:
Here, we demonstrate that the acetyltransferase CBP-1 plays a critical role for SKN-1 activity. CBP-1 promotes SKN-1 protein abundance, nuclear localization in intestinal cells and transcriptional function, and ultimately controls organismal stress tolerance and longevity. CBP-1 is required for SKN-1 nuclear recruitment and transcriptional activity under basal conditions and in response to oxidative stress. In addition, CBP-1 impacts SKN-1 nuclear localization, activity and longevity due to reduced IIS-, mTOR-, WDR-23, and GSK-3 signaling.
The acetyltransferase CBP-1 is a key regulator in various cellular processes, including development, stress resistance, dietary restriction, and aging ( C. elegans and mammals. Importantly, cbp-1 was not only required for SKN-1 nuclear recruitment and activity in oxidative stress conditions but also is under basal conditions further supporting that CBP-1 is a major SKN-1 co-factor.
An interesting finding comes from Sirtuin2, a histone deacetylases class III and functionally antagonistic enzyme to histone acetyltransferase p300/CBP. Sirtuin2 binds Nrf2 and deacetylates Nrf2 in mammalian cells (Yang and others 2017) . Deacetylation of Nrf2 leads to a decrease in total cellular and nuclear levels of Nrf2 through its degradation. The decrease in nuclear Nrf2 was associated with reduced transcription of its target genes (Yang and others 2017) . Our observation that cbp-1 inhibition decreases SKN-1 total protein levels ( Figure 4C ) and nuclear abundance reconciles with these studies.
Interestingly, p300 has been reported to modify several transcription factors in mammals and acetylation appears to confer protein stabilization against proteasomal turnover.
Downregulation of p300 has been shown to result in reduced acetylation of Human heat shock transcription factor 1 (HSF1), destabilization of HSF1, and accelerated HSF1 degradation by the proteasome (Raychaudhuri and others 2014) . Similarly, p300 also operates in the regulation of the transcription factor HIF1 α. Upon acetylation by p300 HIF1 α protein stability was increased and its polyubiquitination was decreased (Geng and others 2012) . A similar mechanism could operate in the regulation of Nrf2/SKN-1. We propose a model in which CBP-1 modulates SKN-1 by several mechanisms: by controlling SKN-1 cellular levels, promoting SKN-1 nuclear recruitment, and modifying SKN-1 transcriptional activity (Figure 8 ). 
